nificant inhibition of tumor growth in the xenograft tumor models. In addition, since RGZ can reduce ACTH and corticosterone secretion in mouse corticotropic pituitary tumors, both RGZ and PIO have been used in the treatment of Cushing's disease with variable but generally unsatisfactory results. Discrepancies in the antitumor effects of TZD observed between successful preclinical and unsuccessful clinical studies may be particularly due to differences in treatment duration and doses used.
Role of the PPAR-␥ System in Normal and Tumoral Pituitary Corticotropic Cells and Adrenal Cells
mal and tumor cells. In fact, its thiazolidinedione ligands (TZD), such as rosiglitazone (RGZ) and pioglitazone (PIO), have been shown to exert anticancer effects in several solid tumors [2] including tumors of the endocrine glands, namely pituitary and adrenal tumors.
The chemical structure of the most common PPAR-␥ TZD ligands and the main receptor intracellular mechanisms of action are illustrated in figure 1 .
PPAR-␥ and Cushing's Disease
PPAR-␥ is expressed in ACTH-secreting cells of normal human anterior pituitary as well as in ACTH-secreting pituitary adenomas [3] . In in vitro experiments on ACTH-secreting pituitary tumor cells, troglitazone and RGZ induced G0/G1 cell-cycle arrest and decreased the number of cells in the S phase [3] . 
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In mouse corticotropic pituitary tumor (AtT20) cells, RGZ was shown to dose-dependently stimulate apoptosis by a decreased expression of the anti-apoptotic protein Bcl-2, an increase in the expression of the pro-apoptotic proteins Bax and p53 and a 4-fold increase in cleaved caspase-3.
In addition to its antiproliferative effect, RGZ also induced an inhibition of pro-opiomelanocortin (Pomc) mRNA, whose encoded precursor peptide can be processed to ACTH in corticotropic cells.
In the same paper, using an in vivo mouse xenograft model subcutaneously inoculated with AtT20 cells, the administration of very high doses of RGZ (150 mg/kg/ day) delayed tumor growth and caused a 75% reduction of ACTH and a 96% reduction of serum corticosterone levels.
The results raised great interest and led to the use of TDZ in the treatment of Cushing's disease [4] [5] [6] [7] [8] [9] [10] [11] . A summary of the clinical studies using TDZ in Cushing's disease is reported in table 1 .
PPAR-␥ and Adrenocortical Cancer
PPAR-␥ has been shown to be expressed in normal and tumoral adrenocortical cells as well as in the human adrenocortical cancer (ACC) cell lines H295R and SW13.
TZD have been shown to inhibit the proliferation of H295R cells in a dose-dependent manner [12] . In fact, thymidine incorporation was reduced by 60% by 20 M of both RGZ and PIO. TDZ also increased the number of cells in the G0/G1 phase and decreased their number in the S phase increasing the expression of the cell-cycle inhibitors p21 and p27 and decreasing the expression of cyclin D1.
In the same paper [12] , it was also shown that 20 M of both RGZ and PIO reduced H295R invasiveness through matrigel by about 85% and that metalloproteinase-2 secretion was inhibited in a dose-dependent manner.
Similar results on the antiproliferative effects of TDZ were obtained by Betz et al. [13] who also documented a pro-differentiating effect of RGZ on H295R cells.
In an attempt to investigate the mechanisms involved in the anti-neoplastic effects of TDZ in ACC cells, Cantini et al. [14] evaluated RGZ interactions with the signaling pathways of the activated IGF-I receptor which is overexpressed and hyperactivated by IGF-II in human ACC [15, 16] . We demonstrated that RGZ inhibits ACC cell proliferation by interfering with the PI3K/Akt and ERK1/2 signaling pathways downstream of the activated IGF-I receptor.
In a preclinical study in a xenograft mouse model injected subcutaneously with H295R cells and treated with placebo or 5 mg/kg/day oral RGZ, we confirmed the antitumoral effects of TDZ in vivo [17] . A significant reduction of tumor growth in RGZ versus the control group was observed. Tumor histological evaluation revealed characteristics of invasiveness, richness in small vessels and mitotic figures in the control group, while RGZ group tumors presented noninfiltrating borders, few vessels and many apoptotic bodies. Tumor immunohistochemistry showed that Ki-67 was significantly reduced in the RGZ versus the control group. Quantitative real-time RT-PCR demonstrated a significant reduction in the expression of angiogenic (VEGF), vascular (CD31), proliferation (BMI-1) and anti-apoptotic (Bcl-2) genes in RGZ versus control group tumors. In spite of these encouraging preclinical results, at present no clinical data are available on TDZ administration in patients with ACC.
Discussion
Preclinical studies have largely demonstrated the antitumoral properties of TZD, but in spite of their antiproliferative, proapoptotic and differentiating effects, TZD use in clinical trials planned for the treatment of limited cohorts of patients affected by different types of solid tumors has given controversial and, on the whole, not encouraging results [18] . Only a few studies found TZD to exert some positive therapeutic effect, particularly if combined with chemotherapeutic and angiostatic agents [18, 19] .
However, all the clinical studies reported so far have enrolled a limited number of patients and are too heterogeneous in terms of type and stage of tumors, patients' age and sex and type of treatment (TZD doses, combined therapy, duration) to allow a definitive judgment on TZD anticancer effects.
The difference in results obtained using RGZ in clinical and preclinical studies may be due to several factors such as the duration of treatment and the doses of RGZ. In particular, in preclinical studies, RGZ has been used at concentrations far higher than those used in clinical trials, where the doses are in the antidiabetic therapeutic range and might consequently not be effective for antitumor results. Moreover, we have to consider that PPAR-␥ agonists not only act on gene expression through a direct transcription and an indirect transrepression activity but also exert rapid nongenomic activity affecting posttranslational modifications of the extranuclear protein involved in cell signaling ( fig. 1 ) [20] . Whether these different actions also depend on the TZD concentrations is still to be evaluated. Finally, although different TZDs have been demonstrated to be effective in tumor cells, the role of PPAR-␥ in mediating the anticancer effects of its ligands is still controversial.
